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ABSTRACT

Availability of remotely-sensedphytoplanktonbiomassfields hasgreatlyadvanced

primary productionmodelingefforts. However,conversionof nearsurfacechlorophyll

concentrationsto carbonfixation rateshasbeenhinderedby uncertaintiesin modelinglight-

saturatedphotosynthesis(pb). Here,we introducea physiologically-basedmodel for pbm,xthat

focuseson theeffectsof photoacclimationandnutrientlimitation onrelativechangesin cellular

chlorophyllandCO2fixation capacities.This 'PhotoAcc' modeldescribesPbm,xasa functionof

light level atthebottomof themixedlayeror atthedepthof interestbelow themixed layer.

Nutrient statusis assessedfrom therelationshipbetweenmixedlayerandnutricline depths.

Temperatureis assumedto havenodirect influenceonPbm,xabove5°C. ThePhotoAccmodel

wasparameterizedusingphotosynthesis-irradianceobservationsmadefrom extendedtransects

acrosstheAtlantic ocean.Model performancewasvalidatedindependentlyusingtime-series

observationsfrom the SargassoSea.ThePhotoAccmodelexplained64%to 82%of the

variancein light-saturatedphotosynthesis.Previouslydescribedtemperature-dependentmodels

did notaccountfor a significantfractionof thevariancein Pbm_xfor our testdatasets.

INTRODUCTION

Photosynthesisis afundamentalprocessof nearlyall knownecosystems,suchthat the

levelof photoautotrophiccarbonfixation supportedby agivenenvironmentbroadlydictatesthe

local biomassof subsequenttrophic levelsandthebiogeochemicalexchangeof elements

betweensystems.Modelsofbiosphericprimaryproductionhavebeengreatlyaidedby global-

scalesatelliteobservationsffield et al. 1998),but conversionof measuredplantbiomassto net



photosynthesishasremainedproblematic.Whereasterrestrialproductivitymodelssuffer from a

lackof observationaldatatbr parameterizationandtesting(Fieldet al. 1998),high-sensitivity

measurementsof netprimary productionin aquaticsystemshavebeenroutinesincethe

introductionof the _4Cmethodby Steemann-Nielsen(1952).

Analysesof vertical profilesof phytoplanktonphotosynthesisrevealedearly on that,

whennormalizedto depth-specificchlorophyllconcentrations,primaryproductioncanbe

modeledto first ordersimplyasa functionof subsurfaceirradiance(Ryther1956;Rytherand

Yentsch1957;Talling 1957). A varietyof analyticalexpressionsweresubsequentlydeveloped

describingthisrelationshipbetweenverticallight attenuationandchlorophyll-normalizedcarbon

fixation (reviewedby: Platt andSathyendranath1993;BehrenfeldandFalkowski1997a).Such

modelsaccountfor mostof theobservedvariancein depth-integratedphotosynthesis(_PP)

(particularlywhenmeasurementsencompassawide phytoplanktonbiomassrange)provided

modelinput includesthreecritical featuresof thewatercolumn:(1) thevertical distributionof

chlorophyll,(2) thedownwellingattenuationcoefficient (Ks)for photosyntheticallyactive

radiation(PAR),and(3) the maximumcarbonfixation rateperunit of chlorophyll (Pbop,)

(BehrenfeldandFalkowski1997a,b).

For over40years,developmentsin phytoplanktonprimaryproductionmodelshave

focusedon refiningcharacterizationsof theabovethreecritical watercolumnfeatures,with

clearly thegreatestachievementsrealizedin thedescriptionof theunderwaterlight field (e.g.,

Morel 1991;Platt andSathyendranath1988;Antoineet al. 1996).Progresshasalsobeenmade

in predictingverticalprofilesof chlorophyll(Morel andBerthon1989;Platt andSathyendranath

1988),butmodelsof pbop , have remained rudimentary and entirely inconsistent (Behrenfeld and
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Falkowski1997a).The importanceof accurate pbop, estimates can not be overstated, especially

when model performance is evaluated by comparison with point-source field observations. For

globally representative data sets, phytoplankton biomass alone accounts for < 40% of _PP

variability, while inclusion of measured Pboptvalues can increase explained variance in YIpp to >

80% (Balch and Byme 1994; Behrenfeld and Falkowski 1997b). In oligotrophic regions where

the range in chlorophyll concentration is further constrained, accurate estimates of pbop, are even

more critical (Banse and Yong 1990; Siegel et al. 2000).

The function ofpbopt models is to capture spatial and temporal changes in assimilation

efficiencies (i.e., carbon fixed per unit of chlorophyll) resulting from physiological acclimation

to environmental variability. Currently, the two principle approaches for estimating l_'or_ in

regional- to global-scale models are: (1) to assign fixed, climatological values to biogeographical

provinces (Longhurst et al. 1995; Longhurst 1995) and (2) to define predictive relationships

between Pbor_and one or more environmental variable(s) (e.g., temperature, nutrient

concentration) (Megard 1972; Balch et al. 1992; Antoine et al. 1996; Behrenfeld and Falkowski

1997b). Both techniques have advantages, but differ in their intended application. For example,

the first approach furnishes broad-scale average values for designated regions and is not

intended to accurately reproduce the much finer scale physiological variability in t4C-uptake

rates corresponding to a given day, depth, and location. As for the second approach, an effective

model should, ideally, provide Pbopt estimates comparable at this point-source scale of field

measurements, but a successful model of this genre has not yet been described.

Here we introduce a model, belonging to this second category, that captures pbop t

variability in natural phytoplankton assemblages. The model largely focuses on changes in Pbop,
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resultingfrom photoacclimationandis thusreferredto asthe 'PhotoAccModel', althougha

nutrient-dependenceis alsoprescribed.In thefollowing section,theconceptualbasisand

underlyingequationsof thePhotoAccmodelarepresented.Wethendescribefield datausedfor

modelparameterizationandtesting,alongwith ourapproachto assessingnutrientstatusand

photoacclimationirradiance. ThePhotoAccmodelassumes Pbopt to be temperature-independent.

Our rationale for this divergence from previous treatments is given in the Synthesis section,

along with an assessment of model limitations, directions for expansion, and potential avenues

for global implementation.

THE PttOTOACC MODEL

Phytoplankton carbon fixation is commonly measured under ambient light conditions

during =6 to 24 h in situ or simulated in situ incubations. With this technique, the water column

is treated as a compound photosynthetic unit, yielding depth-dependent relationships between

photosynthesis and subsurface irradiance. The variable, Pbo_t, is defined as the maximum rate of

chlorophyll-normalized carbon fixation measured in the water column using this technique

(Wright 1959; Behrenfeld and Falkowski 1997b). A single Pb_, t value is thus obtained for each

vertical profile (note: the superscript 'b' denotes normalization to chlorophyll). Photosynthesis-

irradiance (P10 measurements can also be conducted on field samples and involve =0.5 to 2 h

incubations under a range of constant light intensities. This method yields unique pbm_.,values

for each population sampled within the water column. The variable, Pb=,x, is defined as the

light-saturated photosynthetic rate and is constrained by the capacity of the Calvin cycle

reactions, which fix CO2 into carbohydrates (Stitt 1986; Sukenik et al. 1987; Orellana and Perry
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1992).

DistinctionbetweenPbm. x and Pbop, was recommended by Behrenfeld and Falkowski

(1997b) because pbm.x is measured under fixed light conditions that maintain a constant

photosynthetic rate throughout an incubation, whereas pbop, is measured under natural fluctuating

light which causes photosynthesis to vary from light-limited to light-saturated to photoinhibited

during an incubation. Nevertheless, Pb_,t is generally observed near the surface where

photosynthesis is maintained at Pbmx for most of the photoperiod. Thus, unless photoinhibition

is excessive or ambient PAR is very low, an effective model for Pbm.xwill likewise provide

robust estimates of Wop,. We designed the PhotoAcc model to specifically describe the changes

in chlorophyll and Calvin cycle capacity (Pmax) that result in Pbm_, variability, but we apply the

model equally for estimating both Pbm,x and pbop,.

Modeling Pbma x

A central tenet of the PhotoAcc model is that phytoplankton adjust the capacity of the

Calvin cycle (P._x) to provide sufficient reduced carbon products within a given photoperiod to

meet the diel demands for cell maintenance and growth. Chlorophyll concentration is

considered, to first order, a dependent function of P,,a_, since the primary role of light harvesting

is to support the ATP and NADPH demands of the Calvin cycle. Consequently, the ratio of Pm_-,

tO chlorophyll (i.e., PbmJ is somewhat insensitive to changes in growth conditions, except when

these changes shift the balance between light harvesting and carbon fixation. Effectively

modeling Pbm_xis therefore simply a matter of describing changes in chlorophyll relative to the

Calvin cycle capacity. In this sense, modeling Wm,x is less complicated than estimating



photosynthesispercell or unit of carbon,sinceit doesnot requireknowledgeof growth-rate-or

species-dependentvariability in cell volumeor carbon:chlorophyllratios.

ThePhotoAccmodel focuseson two primarysourcesof variability in Pbmax:light and

nutrientavailability. Light isassumedto influencel_,x becausechangesin irradiancecause

light harvestingto vary independentlyof theCalvincyclecapacity.Therelationshipbetween

chlorophyll andgrowthirradiancewasderivedfrom laboratory-basedmeasurementson23

phytoplanktonspeciesdescribedin 23studiesfrom theliterature. Reportedirradianceswere

convertedto unitsof_mol quantam2 s_ following Richardsonet al. (1983). Datafrom a given

studywerebinnedaccordingto species,photoperiod,andgrowthtemperatureandtheneachbin

dividedby ascalarto yield normalizedchlorophyll concentrations(Chl,o_m).For our342

observations,Chl_ exhibiteda dependenceongrowthirradiance(Is)following (Fig. 1):

Chl,,o_= a+ b × e"_ 18 (Eq. 1)

Equation1wasusedto describechangesin Pbmaxresultingfrom irradiance-dependentchangein

chlorophyll. However,valuesfor theparameters(a,b,c)werederivedfrom field measurements

of Pb_ax,ratherthanour laboratory-baseddataset(Fig. 1),becausethePhotoAccmodelaimsto

describechangesin chlorophyll relativeto theCalvincycle,not chlorophyllper cell. The

critical featuresof equation1aret.hepredictionof an interceptwhenIgapproacheszeroandthe

asymptoticdecreaseto a minimumvalueat veryhigh light (Fig. 1).

Nutrient-dependenceof Pbmaxisassumedto result from an increasein the energeticcost

of extractingnutrientsfrom thesurroundingmediumasconcentrationsdecrease.An associated

increasein light harvestingfor ATP generation, rather than carbon fixation, will thus shift the

balance between chlorophyll and Pm_x,causing pb to decrease. Few laboratory studies have
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specificallyaddressedthis issueof nutrient-dependentchangesin therelativeabundanceof

photosyntheticcomponents.Falkowskiet al. (1989)reportedCalvincycleandlight harvesting

componentsto initially decreasein parallelwith nitrogen-limitedgrowthandthento shift to a

newequilibriumwhengrowthratewasreducedby > 40%. This initial insensitivityto nutrient

limitation supportsourhypothesisthatnormalizationof Pm,_to chlorophyllconveysalevel of

resiliencein Pb,_,xto environmentalvariability,while the eventualshift indicatesa sensitivityof

Pb,=xto nutrientsatvanishinglylow concentrations.

Model Summary

All of the relationships involved in the PhotoAcc model are illustrated in figure 2. For

phytoplankton in a surface mixed layer where growth is not strongly nutrient limited, Pmax is

assigned an irradiance-independent value of 1 mgC m 3 h _. Changes in chlorophyll are

expressed relative to this P,,_ value using equation 1, where Is is taken as the average daily PAR

at the bottom of the mixed layer. Thus, pb is modeled simply as an inverse function of

chlorophyll under these conditions (Fig. 2a). Below the mixed layer, changes in chlorophyll are

described using the same formulation as within the mixed layer, except that 18is taken as the

average daily PAR at the depth of interest. Pm_xbelow the mixed layer is again assigned a value

of 1 mgC m 3 h t at high light, but then assumed to decrease at very low light (Fig. 2a - inset).

This relationship between Pmax and Is was described by:

Pm_ = d + f× (1 - h"_ls),

where d, f, h, and n are parameters and n has inverse units of Ig to yield a dimensionless

exponent.

(Eq. 2)

A low-light decrease in Pm_, below the mixed layer is prescribed because a high
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Calvin cycle capacity is unnecessary in chronically light-limited phytoplankton deep within a

stratified water column (Geider et al. 1986; Orellana and Perry 1992). A similar light-dependent

decrease in Pm,x is not assumed for phytoplankton in a deep mixing layer because maintaining a

high Calvin cycle capacity enables enhanced carbon fixation during periodic exposures to high

light near the surface.

Relative to nutrient sufficient conditions, chlorophyll is assumed to increase more slowly

with decreasing irradiance in nutrient stressed phytoplankton. The consequential reduction in

light harvesting at low light thus reduces Calvin cycle requirements and causes Pm,x to vary as a

function of irradiance (Fig. 2b). The chlorophyll-irradiance relationship for nutrient stressed

conditions was again modeled using the same parameters as nutrient sufficient conditions except

that a lower slope (b') was assigned. Irradiance-dependent changes in Pm_, were described using

equation 2. Finally, the enhanced costs of acquiring nutrients described above was effectuated

by assigning a lower value to Pm_.x across all light level_; compared to nutrient sufficient

conditions (Fig. 2).

Chlorophyll and P_x relationships for the three conditions of the PhotoAcc model (Fig,

2) are all expressed relative to the constant Pm,x value of 1 mgC m 3 h -_ for nutrient sufficient,

mixed layer phytoplankton. Parameterizing these equations with field measurements of Pbm_

required an environmental index of nutrient status and an assessment of surface mixing depths.

Our approach to these issues and the field data employed are detailed in the following section.

METHODS

Fteld data
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Theconsummateobjectivein developinga Pbms.x model is to achieve effective estimates

that are robust to variations in environmental conditions and taxonomic composition. To this

end, field measurements conducted during the Atlantic Meridional Transect (AMT) program

provided a suite of complimentary physical, chemical, and biological observations from a

diversity of oceanographic regimes. We employed results from two of these program transects,

AMT-2 (22 April - 22 May, 1996) and AMT-3 (16 Sept. - 25 Oct., 1996); each spanning an

11,000 km region between the United Kingdom and Falkland Islands. In addition to

encompassing 5 of the major biogeochemical provinces defined by Longhurst et al. (1995), the

AMT studies were also ideal for model parameterization because they exhibited significantly

divergent latitudinal patterns in pb despite being nearly identical geographical transects

(Marafl6n and Holligan 1999; Marafl6n et al. 2000).

Protocols employed for optical and biological measurements during AMT-2 and AMT-3

have been previously reported (Robins et al. 1996; Marafl6n and Holligan 1999; Marafi6n et al.

2000). Optical measurements were conducted using the SeaWiFs Optical Profiling System

(SeaOPS) with a set of 7-channel light sensors (Robins et al. 1996). Optical measurements with

the SeaOPS have a characteristic uncertainty of 3.4%, with 1.5% of this from ship-shadow

contamination (Hooker and Maritorena 2000). Photosynthesis-irradiance measurements were

conducted on samples collected at each station from 7 m, near the base of the mixed layer, and

near the chlorophyll maximum (Maraft6n and Holligan 1999). This sampling strategy provided

Pbra. x values from within and below the mixed layer. Data collected between 40"N and 49°N

during AMT-2 were not used in our analysis due to inconsistencies between results from

different chlorophyll measurement techniques, nor did we use the 60 m sample from 38°S during
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AMT-3, dueto considerabledivergencebetweenchlorophyll concentrationandspectral

attenuationcoefficients(K_x).

PhotoAccmodelperformancewasadditionallytestedusinga 6-yearrecordof light and

primary productionfrom theU.S.-JGOFSBermudaAtlantic Time Series(BATS)programand

BermudaBioOpticsProgram(BBOP). BATSandBBOPmeasurementprotocolshavebeen

describedpreviously(Knap et al. 1993;MichaelsandKnap 1996;Siegelet al. 1995a,b,2000).

Chlorophyllnormalizedratesof primaryproduction(pb)werebasedon light-dark in situ _4C-

uptake measurements conducted from sunrise to sunset and HPLC determinations of

phytoplankton pigment. Each vertical profile of pb was visually inspected to extract the

appropriate value for Pbopt. With few exceptions, pbopt was taken as the pb value measured at 20

m. Above this depth, a slight photoinhibitory effect was common, while pb values below 20 m

generally decreased due to longer periods of light-limited photosynthesis. On a few occasions,

the pb value at 20 m greatly exceeded the measured values immediately above and below this

depth, in which case the second highest pb value was taken as pbopt.

Nutrient Limitation Index

The PhotoAcc model requires an environmental index to indicate when Wm,x should be

modeled as nutrient 'charged' (Fig. 2a) or 'depleted' (Fig.2b). Over a majority of the open

ocean, the dissolved concentration of nutrients is not an effective index of nutrient stress

because the daily allocation of resources available for growth is largely determined by food web

recycling rates. We therefore employed the relationship between the physical mixed layer depth

(ZM) and the nutricline depth (ZN) as an alternative, first-order index of nutrient status. The basis
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for this indexis that,whena physicalforcing (e.g.,a storm)deepensthemixed layersuchthat

mixing penetratesthenutricline, theupperwatercolumnbecomes'charged'with nutrientsand

eitheraclosecorrespondenceexistsbetweenZMandZNor nutrientsareelevatedthroughoutthe

watercolumn. Whenstratificationfollows,themixed layershoalsandZMseparatesfrom ZN.

Recyclinginefficienciesin thisstratifiedsystemwill result in acoincidentexportof nutrients

out of theactivebiological poolandintoparticulaterefractoryanddeep-oceanpools.

Correspondencein time scalesfor thesetwo eventswill thusallow separationof ZNandZMto

functionasa correlatefor increasingnutrientstress.

Clearly,conditionswill existwhenZN> ZM,yet recyclingis sufficientto transiently

maintainphytoplanktonin anutrient 'charged'physiologicalstate.TherelationshipbetweenZN

andZMwasthustreatedasafirst-orderindexto separatenutrient 'charged'from 'depleted'data.

Forthis analysis,ZMwasevaluatedfrom verticalprofiles of density(or) andZNassignedthe

depthat whichNO3was first detected.For nearlytheentireAMT-3 transect,eithera close

correspondenceexistedbetweenZMandZNor NO3 wasdetectableto theSurface(Fig. 3a). The

AMT-3 datawerethususedto parameterizethenutrient 'charged'PhotoAccequations(Fig.2a).

DuringAMT-2, a generalseparationOfZMandZs occurredbetween30°Nand42°S(Fig. 3b)and

providedthedatafor parameterizingthenutrient'depleted' relationships(Fig. 2b).

Photoacclimation Depths

The PhotoAcc model requires an assessment of the mixing depth to which surface

phytoplankton are photoacclimated (ZAccL)- We determined ZACCLby visually inspecting vertical

profiles of o,, NO3, POfl, and chlorophyll for each sampling date and location and assigning
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ZACC_,theshallowestdepthat whichaverticalgradientwasobservedin anyof thesefour water

columnproperties.Invariably,ZACCLcorrespondedto thedepthof ZMundernutrient 'depleted'

conditions(Fig. 4a). Typically, or, NO3" , PO4 3", and chlorophyll all indicated a similar depth for

Z^CCL under nutrient 'charged' conditions (Fig. 4b). However, occasionally when ZM was large,

nutrient and chlorophyll profiles indicated a shallower depth for ZACCLthan Ot (Fig. 4c). This

infrequent condition likely corresponds to a period shortly after a deep mixing event when

physical forcing on the system has relinquished and the upper water column is beginning to

stratify.

RESULTS

The Parameterized PhotoA cc Model

Similarity between chlorophyll-irradiance relationships for the 3 conditions of the

PhotoAcc model (Fig. 2) allowed parameterization through a stepwise procedure. For each step,

18 (mol quanta m 2 h'!) was calculated for the depth OfZAccL (m) using measured surface PAR

(mol quanta m 2 h _) and spectral downwelling attenuation coefficients (I_x: m_). Chlorophyll

and Pm,x relationships were fit to AMT data using equations 1 and 2. Parameter values with the

smallest number of significant digits were chosen that yielded fits to the observational data that

were not significantly different than least-squares derived parameters.

Step 1: Mixed Layer, Nutrient 'Charged': For this condition, Pm_xis constant (1 mgC m "3 h _)

and pb (mgC (rag Chl) "t h"t) varies solely as a function of chlorophyll (Fig. 2a). The

relationship between chlorophyll and Is was thus derived from measured Pbm_x,since Chl_ =
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Pm,x× pbm.._'t = l/pbmax" Fitting equation i to the inverse ofpbmax as a function ofI 8 yielded:

Chl,o_ = 0.036 + 0.3 × e "3" is, (Eq. 3)

where parameter units from equation 1 are: a = mgChl m "3, b = mgChl m 3, and c = m 2 × h ×

(mol quanta) "1.

Step 2: Sub-mixed Layer, Nutrient 'Charged': Equation 3 provides the chlorophyll-irradiance

relationship for calculating pb below the mixed layer. Thus, the decrease in Pm_ at

vanishingly low light (Fig. 2a-inset) was derived from the difference between measured Pbm_,and

the inverse of equation 3. Fitting equation 2 to this difference as a function ofI 8 yielded:

P_,x= 0.1 + 0.9 × [1-(5 x 10-9)_s], (Eq. 4)

where parameter units from equation 2 are: d,f = mgC m "3h _, h = unitless, and n = 1 m s × h

(tool quanta) "1. I s in equation 4 is the average daily PAR at the depth of interest below the mixed

layer.

Step 3: Nutrient 'Depleted' Water Column: The chlorophyll and Pm_, relationships in this

model (Fig. 2b) are used for estimating Pbm_ from the surface to Zs in nutrient 'depleted'

regions. The model employs a chlorophyll-irradiance relationship with the same parameter

values as equation 3 except for a lower slope (b'). The nutrient 'depleted' model was thus

parameterized by fitting b' and equation 2 to the inverse of pbmax as a function of 18for the AMT-

2 data collected between 30°N and 42°S (Fig. 3b). The resultant relationships were:

Chl,o_n = 0.036 + 0.15 x e3 _I_

and

(Eq. 5)
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P,,,x =0.15 + 0.3 x (1 - 0.25 18). (Eq. 6)

In this case, parameters chosen for describing the irradiance-dependence of Chl,_om, and P,,,x do

not represent unique mathematical solutions, as equations 1 and 2 were fit simultaneously to the

observational data.

Model Performance

Equations 3 through 6 encompass the complete set of relationships necessary for

estimating Pb,_ with the PhotoAce model. Comparison of modeled versus measured pb

values for nutrient 'charged' regions of the AMT transects indicated that an effective

representation of spatial variability was achieved both above (Fig. 3c,d) and below (Fig. 3e,f)

ZACCL(solid black symbols in Fig. 3). Likewise, the nutrient 'depleted' model yielded spatial

patterns in pbm_, consistent with those measured above (Fig. 3d) and below (Fig. 3t) ZACCLfor the

AMT-2 region between 30°1'4 and 42°S (gray symbols in Fig. 3). Overall, the PhotoAcc model

captured 75% of the observed variance in pbm.x for AMT-2 and AMT-3.

Effectiveness of the PhotoAcc model at estimating pbop t was evaluated using the 6 year

BATS/BBOP data set (Fig. 5). For these data, a single pbopt value was extracted from each

monthly profile of Pz. The near-surface location ofpbopt (=20 m) and minimal photoinhibition

ensured that light-saturated photosynthesis (Pb,_ax) was maintained during each measurement

over most of the photoperiod. Pbm,x was calculated for each month using both the nutrient

'charged' and 'depleted' models. The nutrient 'charged' model provided the best estimates of

pbopt during and shortly following the seasonal deep mixing events evidenced in profiles of ZM

and ZN (solid black symbols in Fig. 5a). These winter mixing events were followed each year by
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a periodof increasingstratification,whereZMgraduallyseparatedfromZN(Fig. 5b).

Accordingly,thenutrient'depleted'modelgenerallyprovidedthebestestimatesof pbo_,during

thesestratifiedperiods(graysymbolsin Fig. 5a). Overall, thePhotoAccmodelcaptured82%of

thevariancein pbopt for the BATS data set.

Comparison with Temperature-dependent 19boptModels

Most regional- and global-scale models for P_r,, are simple functions of sea surface

temperature (excepting: Balch and Byrne 1994; Longhurst 1995), with considerable variability

between models (Behrenfeld and Falkowski 1997a). The AMT and BATS studies encompassed

a wide range of sea surface temperatures (5°C to 28°C) and thus provided an opportunity to

compare the PhotoAcc model with the temperature-dependent models of Megard (1972), Balch

et al..(1992), Behrenfeld and Falkowski (1997b), and Antoine et al. (1996) (Fig. 6). Such a

comparison requires an objective basis for applying the nutrient 'charged' or 'depleted'

PhotoAcc equations. As shown in figures 3 and 5, the nutrient 'charged' model occasionally

provided a better estimate of measured pbm,., and pbop, when ZM was separated from ZN, and visa

versa. If switching between models is instead strictly based on the correspondence of ZM and Zs,

the PhotoAcc model captures 64% of the variance in Pbm_x and Pbopt for AMT and BATS (Fig.

6e). This value is slightly lower than the best fit PhotoAcc results (Fig. 6f), but still a vast

improvement over the temperature-dependent models which yielded a maximum correlation

coefficient of r_ = 0.07 (Fig. 6a-d). Results of this comparison thus indicate that (1) the

PhotoAcc model addresses significant sources of variability in Wr, ax and pbopt not captured by the

temperature-dependent functions and (2) performance of the PhotoAcc will improve if our first-
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orderindexof nutrientstresscanbereplacedwith a morequantitativeindex.

SYNTHESIS

Theimportanceof effectively modeling light-saturated photosynthesis at the difficult

local scale of daily primary production measurements has been recognized for over 40 years

(Ryther 1956; Ryther and Yentsch 1957). The most common approach to this problem has been

to describe pb as a function of temperature. Such models capture a fraction of the observed

variability in Pbopt because temperature is weakly correlated with causative environmental

forcing factors. In contrast, the PhotoAcc model attempts to explicitly describe primary

causative relationships at the level of chlorophyll synthesis and changes in the Calvin cycle

capacity. With this approach, the model effectively reproduced spatial and temporal variability

in light-saturated photosynthesis for the AMT and BATS studies. These field programs do not,

however, fully encompass global nutrient, light, and temperature conditions. In the following

sections, we evaluate the predictions and hypotheses of the PhotoAcc model, discuss potential

alterations to account for additional growth constraints, and propose avenues for global

implementation.

Maximum Light-saturated Photosynthesis

The PhotoAcc model predicts a maximum photosynthetic rate of Pb,,,x = 1/0.036 = 27.5

mgChl m 3 (Eq. 3), corresponding to nutrient 'charged', high light conditions. Falkowski (1981)

proposed a maximum value of 25 mgC mgChl _ h _ by assuming a minimum photosynthetic unit

(PSUo2) size of 2000 chlorophyll molecules per O2 evolved and a PSUo2 turnover time (_) of 1
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ms.Choosinga lowerPSUo2or z value would yield a higher maximum for pb . Laboratory

measurements suggest that PSUo_ can range from 300 to 5000 chl 02 1 (Falkowski et ai. 1981),

while z may vary from _ 5 ms to slightly less than 2 ms (Falkowski et al. 1981; Behrenfeld et al.

1998) depending on the excess capacity of the photosystems (Kok 1956; Weinbaum et al. 1979;

Heber et al. 1988; Leverenz et al. 1990; Behrenfeld et al. 1998). Thus, a potential exists for Pbm_,

tO exceed 25 mgC mgChl _ h "1, although values > 20 mgC mgChl I h"_are rarely observed in the

laboratory [e.g., Glover (1980)reported values between 1.6 and 21 mgC mgChl _ h _ for 11

species]. In the field, t_'mL,,(or pbopt) values in excess of 20 mgC mgChl _ h "l are occasionally

reported that exhibit well defined diurnal patterns (e.g., Malone et al. 1980; Hood et al. 1991).

In conclusion, the PhotoAcc maximum for pb of 27.5 mgC mgChl _ h" is close to the

theoretical value proposed by Falkowski (1981), is well within the range of variability suggested

by laboratory measurements of PSUo2 and z, and is consistent with maximum values reported

from previous field studies.

Temperature Revisited

We consider temperature to have a negligible direct influence on Pbma x above 5°C for the

following reasons: (1) Laboratory studies with phytoplankton monocultures indicate clear

temperature dependence for maximum algal growth rates (Eppley 1972), but a variable, species-

dependent influence on pbma x (e.g., Steemann-Nielsen and Hansen 1959; Steemann-Nielsen and

Jorgensen 1968; Harris 1978; Morris 1981; Post et al. 1985). Enzymatic temperature optima

differ between species according to the ambient temperature from which they were isolated.

Thus, in field samples with taxonomically diverse phytoplankton assemblages acclimated to
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their ambientconditions,temperature dependence of pbma x is likely tempered. (2) Although the

activity of Calvin cycle enzymes, such as ribulose-l_5-bisphosphate carboxylase (Rubisco),

exhibit classic Arrhenius temperature dependence, decreases in activity at lower temperatures

may be offset by increasing enzyme concentrations (Steemann-Nielsen and Hansen 1959;

Steemann-Nielsen and Jorgensen 1968; Geider et al. 1985; Geider 1987). In other words,

sensitivity of Wm_, to temperature may be diminished if increases in enzyme concentration keep

pace with decreasing activities at lower temperatures. (3) Temperature-dependent changes in the

Calvin cycle capacity may be paralleled by changes in chlorophyll (e.g., Durbin 1974; Yoder

1979; Verity 198 l; Lapointe et al. 1984), such that normalization of Pm_, to chlorophyll masks

temperature dependence.

Below 5°C, the physiologica ! adjustments described above may not be sufficient to

eliminate temperature effects on Pb_,x. Currently, the minimum mixed layer pbmx value

predicted by the PhotoAcc model is 3 mgC mgChl "_hk This value is near the maximum pbop,

value (< 0.5 to=3 mgC mgChl q h _) reported by Dierssen et al. (2000) for Antarctic

phytoplankton sampled from -2°C to 2°C waters. Low pbopt values measured in the Southern

ocean partly result from prolonged periods of subsaturated photosynthesis causing a weaker

relationship between Pbm,,, and pbopt. Nevertheless, a direct temperature effect is also likely and

could be accounted for in the PhotoAcc model by expressing nutrient 'charged' Pma_ as a

temperature-dependent variable. For example, the following relation (where T = temperature)':

Pmax = 0.4 + 0.6 × [1 - exp -°6 ,cr+6)]5o (Eq. 8)

would provide a temperature-dependent decrease in Pbm= below 5°C while essentially leaving

modeled values unaltered above 5°C.
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Acclimation Irradiance (le)

Modeling photoacclimation as a function of light at the bottom of the mixed layer is

mathematically the simplest formulation, but its physiological representation is dependent on the

kinetic balance between responses to low- and high-light. Specifically, if photoacclimation

follows first-order kinetics with similar rate constants for both high- and low-light, pb will

vary as a function of the average light in the mixed layer (Falkowski and Wirick 1981; Lewis et

al. 1984; Cullen and Lewis 1988). Likewise, Pb,,_x will scale to an irradiance less than the

average if responses to low-light are stronger (Cullen and Lewis 1988) and to higher than

average light if high-light effects dominate (Vincent et al. 1994; Geider et al. 1996).

Photoacclimation rate constants are typically derived from laboratory 'light-shift'

experiments, where cells acclimated for multiple generations to a given irradiance are

transferred to much higher or lower light (e.g., Lewis et al. 1984). Riper et al. (1979) suggested

that decreases in cellular chlorophyll following a shift to high-light result from (1) dilution by

coincident cell division and cessation of chlorophyll synthesis, (2) photooxidation, and (3)

enzymatic breakdown. If these three processes combine to yield a kinetic response of similar

magnitude and opposite sign as a shift to low light (Lewis et al. 1984), then phytoplankton must

acclimate to the average light in the mixed layer by continuously synthesizing and degrading

chlorophyll at time scales of< 1 h as they transit between the surface and ZACCL- However,

light-shift experiments do not mimic natural conditions well, since mixed layer phytoplankton

are preconditioned to periodic high light exposures and thus are physiologically poised to

effectively dissipate excess excitation energy (Behrenfeld et al. 1998). Goericke and

Welschmeyer (1992) demonstrated that chlorophyll turnover is independent of light level in
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preconditionedcells andconcludethat photooxidationandenzymaticdegradationof chlorophyll

areartifactsof light-shift experiments.Chlorophyllsynthesisat subsaturatinglight (Escoubaset

al. 1995)shouldthusdominateoverthedilution effectof cell divisionandcause

photoacclimationto scaleto a lower thanaveragelight level. Thisconclusionimpliesthat

cellular chlorophyllis not synthesizedanddegradedat anhourly time scale,but ratherchanges

at the longertime scaleof mixed layerdeepeningandshoaling.Clearly,additionalanalyses

with mixedlayerphytoplanktonareneededto furtherresolvephotoacclimationstrategiesin

natureandtheir influenceonpb,.

Nutrient Limitation

The PhotoAcc model employs a simple switch between nutrient 'charged' and 'depleted'

models, rather than a more gradual transition as a function of nutrient stress. Falkowski et al.

(1989) reported a similar switch in the ratio of photosynthetic electron transport (PET)

components and Rubisco for Isochrysis galbana grown under 9 different levels of nitrogen

limitation in chemostats. Increasing nutrient stress (i.e., decreasing growth rates) decreased

cellular concentrations of all measured components, with a constant stoichiometry for growth

rates between 0.59 d _ and 0.96. At growth rates < 0.59 d 1, the relationship between PET

components and Rubisco abruptly changed by 60% to a new equilibrium (Fig. 7). The

magnitude of this shift is similar to the decrease in Pb,,ax predicted by the nutrient 'depleted'

PhotoAcc model for moderate to high light. We are unaware of any physiological explanation

for such abrupt changes and few laboratory studies have specifically addressed this problem.

Nutrient conditions represented by the AMT and BATS studies were nutrient 'charged',
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phosphate'depleted' (BATS) (Michaelset al. 1994;Michaelset al. 1996),andpossiblynitrogen

'depleted'(AMT-2). We anticipatethatadditionalmodificationsto equations5 and6 will be

requiredto modelPb,,,xin iron limited regions. Iron limitation causesuniquestoichiometeric

changesin thecompositionof thephotosystems,mostnotablyadecreasein cytochromebafand

a higher photosystem II to photosystem I (PSII:PSI) ratio (Guikema and Sherman 1983;

Sandmann 1985; Greene et al. 1992; Straus 1994; Vassiliev et al. 1995; Behrenfeld and Kolber

1999). A high PSII:PSI ratio will diminish chlorophyll-specific efficiencies for conversion of

photochemical energy to reducing equivalents necessary for carbon fixation, thereby decreasing

Pb,,_x relative to similar levels of growth limitation by nitrogen or phosphate.

Global Implementation

The immediate goal of the research described here was to develop an effective field-

based model for Pbmax, whereas our broader objective is to establish a robust Pbop, algorithm for

estimating global oceanic primary production from satellite ocean color data. Implementing the

PhotoAcc model will require temporally resolved mixed layer depth and nutrient depletion

fields. As an initial attempt, monthly climatological fields can be assembled from historical data

sets (e.g., National Oceanographic Data Center), but eventually data coincident with satellite

ocean color measurements will be preferred. Data assimilation models may be one potential

approach for generating coincident mixed layer fields. Alternatively, research is now underway

to investigate remote sensing lidar techniques for real-time measurements of mixed layer depths.

Combining remotely sensed sea surface temperature fields with nutrient-depletion-temperature

relationships may prove useful for assessing temporal changes in nutrient status. Again, data
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assimilationmodelsmayprovideanalternativetechnique. A variety of approaches may

therefore be explored for implementing the PhotoAcc model and present an exciting challenge

for future research.

Perspective

Deciphering decadal-scale changes in oceanic primary production from the much larger

amplitude signals of seasonal and interannual variability requires foremost a long-term

commitment to remote sensing programs monitoring changes in plant biomass, as well as

process oriented models of depth-dependent changes in phytoplankton biomass and assimilation

efficiencies.. An evolution from empirical to analytical models of phytoplankton photosynthesis

has been realized primarily in the spectral description of the underwater light field (e.g., Platt

and Sathyendranath 1988; Morel 1991; Platt et al. 1991; Antoine et al. 1996). Demonstrable

improvements in model performance from these achievements have, unfortunately, been masked

by the overwhelming influence of ineffective local scale models of physiological variability

(Balch et al. 1992; Behrenfeld and Falkowski 1997a,b; Siegel et al. 2000). The PhotoAcc model

presented here provides a framework for future improvements in the analytical characterization

of physiological variability and, based on comparisons with AMT and BATS data, already

incorporates two critical forcing factors: light and nutrients.

The importance of environmental physical-chemical variability on physiological traits of

algae is well illustrated in the BATS data by the correspondence between changes in pbop, and the

temporal rhythm of seasonal mixing and stratification (Fig. 5). Nutrient availability at this site

generally influenced light-saturated photosynthesis at the seasonal scale, whereas higher

_23



frequencyvariationsin Pbop,weredominatedby photoacclimationresponsesto changesin mixed

layerdepth,surfacePAR, andphytoplanktonbiomass(dueto associatedchangesin vertical light

attenuation).TheBATSdataalsosuggesta significance,in therecenthistoryof awatercolumn,

astheoccasionalmid-summerswitchesbetweennutrient'depleted'andnutrient 'charged'Pbopt

values conceivably reflected the passing of a mesoscale eddy with a significantly different

history than the water masses sampled the month before and after.

The conceptual basis of the PhotoAcc model presents a variety of hypotheses regarding

sources of variability in light-saturated, chlorophyll-normalized photosynthetic rates. These

include a dominant kinetic response to low-light exposure over high-light, an irradiance-

dependence of the Calvin cycle capacity under chronic low light and nutrient limiting

conditions, a nutrient-dependent switch in the stoichiometric relationship between light-

harvesting and Calvin cycle components, and the temperature-independence of pb above 5°C

in natural phytoplankton assemblages. Additional field and laboratory studies will be necessary

to test these hypotheses and to expand the PhotoAcc model to encompass iron limiting

conditions, temperature effects at < 5°C, and possibly species-dependent variability in

phytoplankton pigment composition.
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FIGURELEGENDS

Fig.1 Compilationof publishedstudiesreportingarelationshipbetweenchlorophyll

concentrationandgrowthirradiance(Is).Chlorophyllconcentrationswerenormalizedto

a scalar,yielding unitlessrelativevalues. Theinsetshowsthefull scaleof relative

chlorophyll concentrationsandIs. Thesolid line indicatesafit to thedatafollowing

equation1. Parametersfor this fit (a= 0.036,b = 0.2,c = 1.15)differ from equation3

becausethePhotoAccmodeldescribeschangesin chlorophyllconcentrationrelativeto

theCalvincyclecapacity,ratherthanrelativechlorophyll percell. ThePhotoAccmodel

is alsobasedon unitsofmol quantam_ st, ratherthan_mol quantam2 st. Thesedata

werecompiledto showthegeneraltrendbetweenchlorophyll andIg,butdonot represent

anexhaustivereviewof all publishedresults.Datasourcesandspeciestestedareas

follows, with outliersexcludedfrom figure 1identified in bracketsby incubation

temperature(°C),photoperiod(h),andgrowthirradiance(la,mol quantam2 s'_):Myers

(1946)Chlorella pyrenoidosa; Eppley and Sloan (1966) Dunaliella tertiolecta [16 h, 49

_mol quanta m "2s'_]; Paasche (1967), Coccolithus hurley/; Paasche (1968), Ditylum

brightwellii [10 h, 244 I_mol quanta m 2 st], Nitzschia turgidula; Beale and Appleman

(1971) Chlorella vulgaris; Durbin (1974) Thalassiosira nordenskioldii [5°C, 15 h, 195

_mol quanta m "2st; 10°C, 15 h, 31 p, mol quanta m "2s't; 15°C, 9 h, 195 t.tmol quanta m "2

st]; Beardall and Morris (1976) Phaeodactylum tricornutum; Chan (1978) Chaetoceros

sp., Skeletonema costatum, Cylindrotheca fusiformis, Thalassiosira floridana [8 _mol

quanta m 2 s'_], Gymnodinium simplex, Amphidinium carterae; Yoder (1979) Skeletonema

costatum [22°C, 69 [.tmol quanta m 2 s'_]; Falkowski and Owens (1980) Skeletonema

costatum, Dunaliella tertiolecta; Falkowski (1980)Dunaliella tertiolecta, Skeletonema



costatum;Falkowski et al. (1981) Dunaliella tertiolecta; Verity (1981) Leptocylindrus

danicus [ 15°C, 63 t.tmol quanta m "2s'l]; Cosper (1982a) Skeletonema costatum; Cosper

(1982b) Skeletonema costatum; Faust et al. (1982) Prorocentrum mariae-lebouriae; Raps

et al. (1983) Microcystis aerugmosa; Terry et al (1983) Phaeodactylum tricornutum;

Geider et al. (1985) Phaeodactylum tricornutum; Post et al. (1985) Oscillatoria agardhii;

Dubinski et al. (1986) Thalassiosira weisflogii, Isochrysis galbana, Prorocentrum

micans; Sukenik et al. (1987) Dunaliella tertiolecta; Fisher (unpublished) Tetraedron

minimum, Nannochloropsis sp.

Fig. 2 Relationships between irradiance (Ig) and relative chlorophyll concentration (- .o -),

Calvin cycle capacity (----), and the chlorophyll-normalized light-saturated

photosynthetic rate (Pb,_x) (solid line) assumed in the PhotoAcc model for (a) nutrient

'charged' and (b) nutrient 'depleted' conditions, pb = the Calvin cycle capacity

divided by chlorophyll concentration. The inset in (a) illustrates the low-light divergence

between modeled Calvin cycle capacities for cells within the mixed layer ( < MLD) and

below the mixed layer depth ( > MLD). Calvin cycle capacities are normalized with

respect to mixed layer values under nutrient 'charge' conditions. Note change in vertical

scales between (a) and (b).

Fig. 3 Results for the Atlantic Meridional Transect (a,c,e) AMT-3 and (b,d,f) AMT-2. Solid

black symbols in all figures denote nutrient 'charged' conditions and gray symbols

denote nutrient 'depleted' conditions. (a,b) Physical mixed layer depths (ZM: @,@) and

nutricline depths (ZN: 27). Zr_ was taken as the depth at which NO; was first detectable or



assigneda valueof 0 m whenNO3"waselevatedthroughoutthewatercolumn.(c-f)

Comparisonof measured(l-l) andmodeled(e,o) chlorophyll-normalizedlight-saturated

photosyntheticrates(Pb._x:mgCmgChl"thL). (c,d)Mixed layersamplescollectedat 7 m

depth.(e,f) Mid-depthsamplesgenerallycollectedbelow themixed layer. • = Pbm.x

estimatedusingthe nutrient'charged'PhotoAccmodel. • = Pbr._,estimatedusingthe

nutrient'depleted'PhotoAccmodel(Fig. 2b), Comparisonof measuredversusmodeled

Pbm.xfor thecombinedAMT-3 andAMT-2 data(c-f) yieldedacorrelationcoefficient(ta)

of 0.75,

Fig. 4 Exemplary vertical profiles of photosynthetically active radiation (PAR) (_),

chlorophyll concentration (O), NO3" (C)), PO43" (I--1), and sigma-theta (or: O) used to

identify photoacclimation mixing depths (ZAccL: --*). (a) A 'depleted' water column

where NO3" and PO43" concentrations are exhausted well below the mixing depth

indicated by or. In this case, ZACCLwas the inflection depth of 0,. (b) A typical

'charged' water column where all profiles indicate a similar depth for ZACCL. (C) An

example of the infrequent condition where o, was vertically uniform, but NO£ and

chlorophyll profiles indicated shallower mixing. In this case, ZACCLwas set to the depth

indicated by the NO3" profile. These exemplary profiles were extracted from the BATS

data set (31 ° 50' N; 64 ° 10'W) on (a) 17 May, 1994, (b) 14 October, 1992, and (c) 12

December, 1996.

Fig. 5 PhotoAcc results for the 6 year Bermuda Atlantic Time-Series (BATS) record. (a)

Measured (r'l) and modeled (•, •) optimal chlorophyll-normalized carbon fixation (Pbor,:



mgCmgChl_ h_) (r2= 0.82). pboptwasequatedto theP_,,a_valuecalculatedby the

PhotoAccmodel. Model valuesweretakenasthe(e) nutrient'charged'or (o) nutrient

'depleted'result(Fig. 2) bestcorrespondingto measuredpbopt.(b) Relationshipbetween

thephysicalmixed layerdepth(ZM:_,O) andthedepthof thenutricline(ZN:V). Z_ was

takenasthedepthat whichNO3wasfirst detectableor assignedavalueof 0 m when

NO3 wasdetectedthroughoutthewatercolumn. NO: waschosenasan indexof nutrient

'charged'or 'depleted'conditionsratherthanPO43becausethe laterwasoften

undetectableevenwhenZMwasvery large.• = samplingdateswhenthe 'charged'

PhotoAccmodelyieldedthebestresults. • = samplingdateswhenthe 'depleted'

PhotoAccmodelyieldedthebestresults.

Fig. 6 MeasuredPb_,xand Pbopt (n = 181) versus modeled values from the temperature

dependent functions of(a) Megard (1972) (r 2 ---0.06), (b) Balch et al. (1992) (r 2 = 0.04),

(c) Antoine et al. (1996) (r 2 = 0.07), and (d) Behrenfeld and Falkowski (1997b) (r 2 =

0.01) and results for the PhotoAcc model (e) when switching was objectively based on

the relationship between mixed layer and nutricline depths (r 2 = 0.64) and (f) when the

best fit to observations was chosen from the nutrient 'depleted' and 'charged' models.

Observational data are from the Atlantic Meridional Transect studies (AMT-2, AMT-3)

and Bermuda Atlantic Time-Series study (BATS).

Fig. 7 Changes in photosynthetic electron transport (PET) components and Rubisco for

Isochrysis gatbana maintained in nitrogen-limited chemostats at growth rates ranging

from 0.18 d "_to 0.96 d _. Data are from Table 2 in Falkowski et al. (1989). PET



components: (X7)reaction center II (RCII), (<5) cytochrome-f, and (A) reaction center I.

(o) Ratio of RCII:Rubisco. Data are normalized to the average value for the 4 highest

growth rates.



Figure 1

0.3
0

tY 0.0 , ,
0 200 400 600 800

Irradiance (pmol quanta m "2 S-1)

1000



Figure 2

0.0
0 200 400 600 800 1000

irradiance (l_mol quanta m 2 s1)



Figure 3

AMT-3 AMT-2

o-50 -50

'_ -200 _ '1 °

• -_oo -_ooo_

-_,o -,,o

N I b, "-"_1 -200

I I I II

30 _ m 10

d 9

25 8

7

20 6

4 _

"_ 5 2 o.

o , , , , , , , , , , , , , , , , , , , , o o.

"_ 16

12

8

6

4

2

0 I ;I I I I I I I I I

lo o_
f 9 __

7

6
x

5

4

I_ 3

2

1

I I I t I I I ' I ...... _1 I 0

-50-40-30-20-10 0 10 20 30 40 50 -50-40-30-20-10 0 10 20 30 40 50
North South North South

Latitude



n,

LO 00
QD txl O D,-

"_ c_

o_
co c5

c5

o o oo
c5

oo o _ o _ o _o
o

o_

c_ _

o oo_
c_ _oa-

o __o
f0°

c5

o o
O

o o _ _ _ o
' -- -- -- "T "T

O') • •

o c5
¢o (O

u')
04

O •

CO If)
•r- (_I

O

O
O O

O O O O O O O O

_ _ c9 _ o 0_ ,_
"- "T "Tl

(m) q_,deo

Figure 4



I t I I |

_'d°qd (LM) Nz _ IRz

0
0

Figure 5
c_
0
C,4
C_

C:l
0
0
CN

0
0
00

0
0
CO

o

g r_

.o
a.

0
0
cO

0
0
cO

0
0

0
0

0



Figure 6

25 a

20

15

10

5 °o . _l ;;

0

,._. 25

_-- 20

_a. lo

_ ' ,

e If
20 .4

15 . • .. yI .".S.
10 , ,,,..

/ • ".l.__ "-:

/ ,",_.'.-...',,,,._r-.
I I I I

0 5 10 15 20 25 0 5 10 15 20 25

Measured pb or pb
max opt



Figure 7

1.2

1.0-

0.8

_" o.4

0.0

I I I I

0.2 0.4 0.6 0.8

Growth Rate (d "1)

1.0


